Abstract. Micro-SRIXE (synchrotron-radiation-induced X-ray emission) and micro-XAS (X-ray absorption spectroscopy) were used to probe the uptake of exogenous metals by cells. The high flux and the sub-micron resolution of the hard X-ray microprobe, offer the experimenter the ability to obtain highly sensitive spatial and structural information of cellular elements. In this work the uptake of carcinogenic Cr(VI) was compared with that of a relatively non-toxic Cr(III) complex by micro-SRIXE mapping of whole cells. High intracellular Cr concentrations were observed in Cr(VI)-treated cells, while no significant Cr uptake was observed for Cr(III)-treated cells, as is consistent with uptake studies performed by other techniques. Micro-XANES analysis of Cr(V)-and Cr(VI)-treated cells showed that the predominant oxidation product following cellular metabolism was Cr(III). As shown by X-ray microscopic analysis of thin-sectioned cells, however, the reduction of Cr(VI) to Cr(III) did not occur at a fast enough rate to exclude Cr entry into the cell nucleus.
INTRODUCTION
It is well documented that Cr(VI) causes cancer following occupational exposure, and it is becoming increasingly evident that adverse effects from Cr(VI) may also extend to environmental exposure [1] [2] [3] . Therefore, understanding the mechanisms of Cr carcinogenesis is essential in order to minimise/negate these adverse effects.
X-Ray microscopy (micro-SRIXE) is a powerful technique for spatial analysis of elements at submicron to micron resolution. Consequently, the technique has been applied to the study of the cellular uptake of the carcinogen, Cr(VI), the Cr(III) mutagen, [Cr(phen) 2 . Sub-micron mapping of thin-sectioned cells to determine intracellular targets is also described. Finally, the capabilities of micro-XANES are alluded to in the study of Cr-treated cells wherein information concerning the intracellular metabolism of Cr is deduced.
METHOD
All solutions and cell media were prepared in milli-Q water. Na 2 Cr 2 O 7 (Merck, AR grade) was used as received. cis-[Cr(phen) 2 (OH 2 ) 2 ](NO 3 ) 3 .2.5H 2 O was prepared, purified and oxidized to produce the Cr(V) analogue as reported in the literature [4] [5] [6] .
Whole V79 Chinese hamster lung cells were prepared for X-ray microprobe analysis according to methods detailed by Dillon, et al. [6] , 0.4 mM. Hard X-ray microprobe experiments were performed on SRI-CAT beamline 2ID-D at the Advanced Photon Source, Argonne National Laboratory [6] . All measurements were conducted using a monochromatic 10-keV X-ray incident beam, and under a He atmosphere in order to eliminate the Ar Kshell fluorescence signal (from air). A number of fluorescence maps (P, Cl, K, Ca, Cr, Fe, Cu, and Zn) corresponding to the integrated K α fluorescence signal were simultaneously collected for each twodimensional scan. Whole cells (4-6 per sample) were analyzed using a beam that was focused to approximately 1 × 0.3 µm 2 using a phase-zone-plate-based scanning hard X-ray microprobe. Scans were acquired in 1-µm steps, and the emitted X-rays were detected for 3 s per point using a Canberra UltraLEGe germanium X-ray detector. The detector had an energy resolution of ~200 eV over the range of elements examined. Microprobe measurements of thin-sectioned cells were performed using a 0.3-µm diameter X-ray beam. Areas of (12 × 12) µm 2 were scanned in steps of 0.3 µm at 6 s per point. The analysis for each set of elemental maps was performed as described [6] . Statistical analyses were performed on the results of whole cell elemental distributions using ANOVA, Tukey-Kramer Multiple Comparison Test [7, 8] .
Micro-XANES analyses of cellular Cr were performed at Brookhaven National Laboratory, beamline X26A using a 200-µm X-ray beam [9] .
RESULTS AND DISCUSSION
Micro-SRIXE images of whole cells exposed to Cr(III), Cr(V) or Cr(VI) (Figure 1) showed increased definition in the Cr maps for the Cr(V)-and Cr(VI)-treated cells. The low intensity map of Cr following cell treatment with Cr(III) is consistent with related studies that show that Cr(III) does not enter cells to any appreciable extent, while Cr(VI), which is isostructural with sulfate and phosphate, is readily taken up [2] . Inspection of the Cr maps indicates that Cr is distributed throughout the cell and is not solely located in areas of high P, K, or Zn concentrations. , and Cr(VI). This is consistent with previous findings that Cr(V) and Cr(VI) increase the incidence of micronuclei formation, an indicator of genotoxic damage (Figure 3) . Furthermore, the intracellular oxidation of Cr(III) to Cr(V) may account for the milder but significant increase in micronuclei following treatment with Cr(III) phen. Micro-XAS analyses (Figure 4 ), performed using a 200-µm diameter beam, were used to establish the oxidation state of the intracellular Cr following exposure to Cr(V) and Cr(VI) mutagens and carcinogens [9] . Most of the Cr was reduced to the impermeable Cr(III) form. Micro-SRIXE images of thin-sectioned cells ( Figure 5 ) showed the intracellular Cr distribution following Cr(VI) exposure [6] . Cr was localised in two distinct regions. In one region Cr coexists with high concentrations of Zn (necessary for DNA transcription) and P (a component of the DNA backbone) suggesting that the Cr enters the nucleus. The second region of Cr may have resulted from the rapid reduction of Cr(VI) to Cr(III) and its consequent exclusion from the nucleus. The observation that Cr exists in localised sites, however, suggests encapsulation within a vacuole or some other organelle.
